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ter have been conducted at urban and mountain areas to
understand the acidity of fog water (Igawa et al., 1998;
Tago et al., 2006). Water-soluble organic carbon (WSOC
or DOC) in fog and cloud water have been measured in
North America (Collet et al., 2008), Europe (Loeflund et
al., 2002; Giulianelli et al., 2014) and East Asia includ-
ing the Yellow Sea (Boris et al., 2016).

Kawamura and Kaplan (1984) and Kawamura et al.
(1985) reported that low molecular weight (LMW) car-
boxylic acids (e.g., formic, acetic, and oxalic acids) are
abundantly present in fog water from urban area in Los
Angeles. Kawamura et al. (1996) demonstrated that LMW
carboxylic acids account for 11 to 44% of organic plus
inorganic anions in rainwater from Los Angeles. Organic
acids may be important contributors to the acidity of fog
water. However, fog waters have rarely been studied for
LMW carboxylic acids in forest and mountain areas
(Watanabe et al., 1999; Tsai and Kuo, 2013). Our knowl-
edge on the distributions and sources of organic acid spe-
cies are largely limited in forest and mountain areas.
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To better understand the distributions of low molecular weight (LMW) organic acids and their sources as well as their
contribution to fog acidity that may decline a Japanese birch in mountain site (somma of Lake Mashu) of northeastern
Hokkaido, Japan, we collected fog water samples at Lake Mashu site in May and July, 2015. The samples were analyzed
for various organic species such as LMW monocarboxylic acids, dicarboxylic acids, oxocarboxylic acids, biogenic sec-
ondary organic aerosol (SOA)-tracers (isoprene- and α-pinene-oxidation products), and tracers of primary biological
aerosol particles (PBAPs, e.g., saccharides), together with inorganic ions. Formic, acetic, and oxalic acids were detected
as dominant carboxylic acids. Their concentrations in the fog samples were significantly lower than those from urban area
in North America, Asia, and Europe and from forest area in Taiwan, except for oxalic acid in May. Concentrations of
oxalic acid in May were higher than those in July, being consistent with higher values of SO4

2− and NO3
−. Based on the air

mass back trajectories, the Asian continent is suggested to contribute higher levels of dicarboxylic acids in fog water in
spring. Concentrations of formic and acetic acids together with biogenic tracers in the present study were higher in July
than in May. In July samples, concentrations of formic plus acetic acids showed positive correlations with biogenic SOA
tracers and PBAPs. Oxalic acid also correlated with biogenic SOA tracers and PBAPs. Primary emission from biogenic
sources and secondary formation are important factors to control the levels of LMW mono- and di-carboxylic acids in fog
from Lake Mashu in July. pH of fog water ranged from 3.8 to 5.9. Total cation equivalents (Na+, NH4

+, K+, Ca2+, Mg+, and
H+) were comparable to total anion equivalents (SO4

2−, NO3
−, Cl−, and detected organic anions). Contributions of organic

acid equivalents to organic plus inorganic acid equivalents were low (range: 4–17%). Major ions in fog water of Lake
Mashu were inorganic during the sampling periods. This study demonstrates that levels of organic and inorganic acids are
not high enough to cause a damage on the tree ecosystem in the surroundings of Lake Mashu.
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INTRODUCTION

Fog droplets (~20 µm) are smaller than raindrops (2–
4 mm). Because of the large surface areas per unit of water
content, they can efficiently absorb gaseous and
particulate water-soluble components in the atmosphere.
The particles enriched with water soluble species can act
as cloud condensation nuclei, having an influence on the
earth radiative forcing (e.g., Kawamura and Bikkina,
2016). Concentrations of inorganic ions in fog water are
higher than those of rainwater (Igawa et al., 1998). Meas-
urements of inorganic acids (SO4

2− and NO3
−) in fog wa-
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Low pH (<3.0) of acid fog can cause growth inhibi-
tion and visible injury on trees (e.g., Igawa et al., 1997).
Schemenauer (1987) summarized pH of fog and cloud
water in urban and mountain areas. Low pH values (pH <
3.0) were observed for fog and cloud waters around the
world from 1970s to 1980s. Acid depositions including
ozone, SO2, and acid fog may have caused the forest de-
cline from 1970s to 1980s. To investigate the relation-
ship between fog acidity and forest decline, measurements
of inorganic acids and pH of fog water from mountain
area have been conducted in Japan near Tokyo (Igawa et
al., 1998; Tago et al., 2006). pH of fog water in mountain
area was around 4.0, but lower pH values (pH < 3.0) were
sometimes observed (Igawa et al., 1998). For experiment
of artificial acid fog exposure to trees, lower pH levels of
fog (pH = 3) cause the injury in Abies firma (Igawa et al.,
1997). Ogawa et al. (1998) and Tezuka et al. (1998) re-
ported that activity of antioxidant enzymes of
Chamaecyparis obtusa and Abies mariesii increase on acid
fog exposure. They found that activity of antioxidant en-
zymes of these trees is increased by fog exposures with
organic acid (formate or acetate) rather than those with
inorganic acid (SO4

2−), even though acid concentrations
are the same (1.0 meq mL−1 of SO4

2− (pH = 3.0), formate
(pH = 3.4), and acetate (pH = 3.9)). These studies dem-
onstrate that effects of inorganic and organic acids are
different on the damage of tree system.

A decline of Japanese birch (Betula ermanii) has been
observed at the mountain areas of Lake Mashu, Hokkaido,
Japan (Yamaguchi and Noguchi, 2017 and reference
therein). Lake Mashu is surrounded by the somma. Acid
deposition is considered to be one of the factors to con-
trol the decline of Japanese birch (Hoshika et al., 2013).
But the key environmental factors that cause this decline
are still unknown. Because Lake Mashu is frequently en-
countered with fog in the growing season (Yamaguchi et
al., 2015), trees are often exposed to fog events. In the
previous study, 5-year average value of pH of fog water
near Lake Mashu was 4.61 (Yamaguchi et al., 2015). This
level does not seem to decline Japanese birch, although
the molecular distributions and concentrations of organic
acids in the fog samples have not been reported.

In the present study, we collected fog water samples
at the somma of Lake Mashu in May and July, 2015 to
better understand the distributions and sources of LMW
organic acids. Here we report the analytical results of
LMW monocarboxylic acids, dicarboxylic acids, and
oxocarboxylic acids in the fog water samples together with
inorganic ions and biogenic tracers (secondary organic
aerosol (SOA) tracers: isoprene- and α-pinene-oxidation
products including 2-methylglyceric acid, 2-methyltetrols,
pinonic acid, pinic acid; primary biogenic aerosol parti-
cles (PBAP) tracers: saccharides and sugar alcohols). We
discuss the importance of LMW organic acids in fog acid-

ity and their possible adverse effect on the tree ecosys-
tem.

METHODS

Site description and fog water sampling
The Lake Mashu is located in Teshikaga town, north-

eastern Hokkaido, Japan. Sampling of fog water was con-
ducted at the somma of Lake Mashu (43°33′ N, 144°30′
E, elevation: 542 m above sea level). This site is isolated
from the major agriculture and pasture areas (ca. 50 km
away). The major tree species is Betula ermanii with the
dominant understory of Sasa veitchii.

Fog water samples were collected using an automated
active-string fog sampler (FSK-01) with an air flow rate
of 1340 m3 h−1 (Yamaguchi et al., 2015). When fog drop-
lets hit a sensor on double screen of 0.8 mm diameter
Teflon stands, each fog water sample was collected in a
clean polyethylene bottle. Samplings were conducted
during 28–30 May and 25–30 July in 2015. The samples
were collected for 7 hours (9:00–16:00 LT) in daytime
and 17 hours (16:00–9:00 LT) in nighttime. When fog
disappears, fog sampler is automatically stopped. After
the collection of fog water, samples were transferred into
two bottles: one is for inorganic ions and the other for
organic compounds. To avoid microbial degradation of
inorganic ions and organic compounds after the sample
collection, thymol (about 400 mg) was added to the sam-
ple bottles for inorganic analysis whereas mercuric chlo-
ride (HgCl2) (about 10 mg) was added to clean glass vi-
als for organic analysis. The samples were stored in the
dark refrigerator room at 4°C prior to analysis.

Ambient air temperature and local wind direction have
been recorded near the site (about 300 m away, data are
provided by a local road weather station). During the sam-
pling periods, ambient air temperature ranged from 9.3
to 20.5°C (average: 13.5 ± 2.7°C) in May and from 14.2
to 25.5°C (average: 18.7 ± 2.4°C) in July.

Analysis
To measure organic acids, fog water samples were

passed through a glass wool column packed in a Pasteur
pipette to remove water insoluble particles and debris.
After the pH adjustment to 8.5–9.0 with 0.01 M KOH
solution, the filtrates were divided into two portions of 3
ml each.

Monocarboxylic acids were determined as p-
bromophenacyl esters (Kawamura and Kaplan, 1984;
Mochizuki et al., 2017a). The filtrates were passed
through the cation exchange resin (DOWEX 50W-X4,
100–200 mesh, K+ form) packed in a Pasteur pipette. Af-
ter the confirmation of pH to be 8.5–9.0, the eluents in-
cluding organic acid salts (RCOO-K+ form) were dried
using a rotary evaporator under vacuum. The organic acid
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salts were derivatized to p-bromophenacyl esters by α,p-
dibromoacetophenone (0.1 M, 50 µl) with dicyclohexyl-
18-crown-6 (0.01 M, 50 µl) in acetonitrile (4 ml) at 80°C
for 2 hours.  In addition, to measure hydroxyl
monocarboxylic acids, the esters were derivatized to
trimethylsilyl (TMS) ethers by N,O-bis-(TMS)
trifluoroacetamide (BSTFA) with 1% trimethylsilyl chlo-
ride and 10 µl of pyridine at 70°C for 3 hours. The esters
and TMS ethers were determined using a capillary gas
chromatograph (GC) (HP GC6890, Hewlett-Packard,
USA) and gas chromatograph-mass spectrometer (GC/
MS) (Agilent GC7890A and 5975C MSD, Agilent, USA)
(Kawamura et al., 2012). Spiked experiments showed that
recoveries of the authentic monocarboxylic acid stand-
ards (C1–C7, lactic and glycolic acids) were 80-100%.
Duplicate analyses proved that analytical errors of LMW
monocarboxylic acids were within 12%.

Dicarboxylic acids, oxocarboxylic acids, and α-
dicarbonyls were determined as dibutyl esters and
dibutoxy acetals (Kawamura et al., 1996). The filtrates
were dried using a rotary evaporator and derivatized by
14% BF3/n-butanol at 100°C for 1 hour. The dibutyl es-
ters and dibutoxy acetals were determined using a capil-
lary GC. Their peak identification was performed by
comparing retention times and mass spectra with those
of authentic standards (esters or acetals) using GC/MS.
Recoveries of the authentic diacids (diC2–diC6) were 78–
91%. Precisions (analytical errors) of dicarboxylic acids
were within 9%.

Polar organic tracers (i.e., SOA- and PBAP-tracers)
were determined as trimethylsilyl (TMS) esters and TMS
ethers (Mochizuki et al., 2015). 8 mL of fog water sam-
ples were passed through a glass wool column packed in
a Pasteur pipette and dried using a rotary evaporator.
Dichloromethane/methanol (2:1) was added to the dried
sample and the samples were transferred to a 1.5 mL glass
vial and dried by blown down with pure nitrogen gas.
After dryness, the samples were derivatized with BSTFA
with 1% trimethylsilyl chloride and 10 µL of pyridine at
70°C for 3 hours. The derivatives were measured using a
capillary GC-MS.

For the measurement of water-soluble organic carbon
(WSOC), fog water samples (8 mL) were passed through
a membrane disk filter (0.22 µm, Millipore Millex-GV,
Merck, USA). The filtrates were injected to a total or-
ganic carbon (TOC) analyzer (Model TOC-Vcsh,
Shimadzu) (Miyazaki et al., 2011).

For inorganic ion analysis, aliquots of fog water sam-
ples were passed through a membrane disk filter (0.2 µm,
DISMIC-13C, ADVANTEC-Tokyo, Japan). The filtrates
were injected to an ion chromatography (Dionex ICS-1500
and ICS-2000, Nippon Dionex Co.,  Ltd.,  Japan)
(Yamaguchi et al., 2015). We measured cations (Ca2+, Na+,
Mg2+, K+ and NH4

+) and anions (NO3
−, SO4

2−, and Cl−).

The pH (HM-30R, DKK-TOA) and volume of the fog
water was measured. H+ concentrations in fog water were
calculated from the pH values.

We calculated 10-day air mass back trajectories at a
height of 800 m (a.s.l.) using the Meteorological Data
Explorer (METEX) provided by the National Institute for
Environmental Studies.

RESULTS

Fog events were observed from the evening of 28 May
to the morning of 31 May and from the morning of 25
July to the morning of 27 July. Four fog water samples in
May (Night: 3 samples, Day: 1 sample) and seven fog
water samples in July (Night: 5 samples, Day: 2 samples)
were obtained. Figure 1a shows the variations in weight
of water collected and pH at Lake Mashu. The weights of
fog waters collected in May and July ranged from 503 to
882 (average: 688 g) and 352 to 1105 g (725 g), respec-
tively. Fog water content in each fog sample was calcu-
lated by dividing the weight of fog water by the sampling

Fig. 1.  Temporal variations in (a) weight of fog water col-
lected and pH, (b) concentrations of WSOC and inorganic ions,
(c) concentrations of selected carboxylic acids, and (d) con-
centrations of BSOA- and PBAP-tracers.
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air volume. The fog water content in May and July ranged
from 0.04 to 0.07 g m−3 (0.05 g m−3) and 0.02 to 0.08 g
m−3 (0.05 g m−3), respectively. The pH of fog water sam-
ples ranged from 4.4 to 5.8 (average: 5.0) in May and
from 3.8 to 5.9 (5.5) in July. Fog water collected from
the Lake Mashu was acidic and the lowest pH was found
in nighttime of 29 July (pH = 3.8).

Concentrations of WSOC ranged from 1700 to 3686
ng mL−1 in May and from 1221 to 6165 ng mL−1 in July

(Table 1). We detected LMW monocarboxylic acids in-
cluding normal aliphatic (C1–C10), branched chain (iC4
and iC5), aromatic (benzoic), and hydroxy (lactic and
glycolic) acids in the fog water samples (Table 1). Acetic
acid (26–52 ng mL−1 in May and 19–130 ng mL−1 in July)
was dominant, followed by formic (6–30 ng mL−1 and 0–
48 ng mL−1) and glycolic acids (7–18 ng mL−1 and 1–30
ng mL−1).

We also identified straight chain saturated dicarboxylic

May July May July

Average (range) Average (range) Average (range) Average (range)

Monocarboxylic acids (ng mL-1) -Dicarbonyls (ng mL-1)

Formic, C1 14 (5.8-30) 19 (0.1-48) Glyoxal, Gly BDL 7.3 (0.6-25)

Acetic, C2 34 (26-52) 52 (19-130) Methylglyoxal, MeGly BDL 5.4 (BDL-31)

Propionic, C3 5.5 (3.1-7.8) 1.6 (0.5-4.4) BSOA tracers (ng mL-1)

Isobutyric, iC4 1.4 (0.8-2.2) 0.2 (BDL-0.4) 2-Methylgryceric acid 1.2 (0.7-1.9) 2.2 (0.1-8.2)

Butyric, C4 2.3 (0.7-4.5) 0.2 (BDL-0.4) 2-Methyltetrols 1.3 (0.2-3.8) 5.7 (0.2-18.5)

Isopentanoic, iC5 0.2 (BDL-0.7) 3.4 (BDL-9.3) C5-Aklene triols 2.0 (0.4-5.3) 1.5 (0.1-3.3)

Pentanoic, C5 0.4 (BDL-0.8) 0.3 (BDL-0.9) Pinonic acid 2.8 (0.8-6.9) 4.7 (0.5-14.6)

Hexanoic, C6 0.3 (BDL-0.8) 1.1 (BDL-2.9) Pinic acid 1.8 (0.5-4.7) 1.6 (0.2-5.6)

Heptanoic, C7 1.0 (0.4-2.3) 1.6 (BDL-3.8) 3-Hydroxyglutaric acid 0.4 (0.2-0.8) 0.3 (BDL-0.8)

Octanoic, C8 0.4 (BDL-0.8) 0.3 (BDL-0.7) 3-Methyl-1,2,3-butanetricarboxylic acid 0.6 (0.2-1.2) 1.8 (BDL-3.9)

Nonanoic, C9 BDL 1.2 (BDL-8.6) PBAP tracers (ng mL-1)

Decanoic, C10 1.3 (0.02-2.4) 0.3 (BDL-1.6) Levoglucosan 0.4 (0.3-0.5) 0.1 (BDL-0.2)

Benzoic acid 1.8 (1.0-3.1) 1.0 (0.8-1.2) Arabitol 0.4 (0.1-0.9) 4.8 (1.9-9.4)

Glycolic acid, hC2 13 (6.5-18) 8.7 (0.6-30) Mannitol 1.0 (0.7-1.4) 9.1 (3.2-17)

Lactic acid, hC3 25 (BDL-59) 5.1 (BDL-14) Trehalose 0.4 (0.2-0.6) 4.8 (1.5-7.4)

Dicarboxylic acids (ng mL-1) Fructose 0.6 (0.2-0.8) 1.0 (0.3-1.8)

Oxalic, C2di 467 (218-754) 89 (27-335) Glucose 5.7 (2.5-10) 12 (5.1-25)

Malonic, C3di 59 (28-83) 7.2 (BDL-39) Inositol 0.1 (BDL-0.1) 0.4 (0.1-1.1)

Succinic, C4di 156 (BDL-374) 14 (1.0-48) Sucrose 0.8 (0.4-1.1) 0.2 (BDL-0.5)

Glutaric, C5di BDL 5.0 (0.2-11) Inorganic ions (µeq L-1)

Adipic, C6di 20 (5.9-42) 3.3 (1.2-7.5) H+ 19 (1.5-36) 23 (1.1-148)

Pimeric, C7di BDL 1.1 (BDL-2.0) SO 126 (108-145) 70 (17-316)

Suberic, C8di BDL 1.7 (BDL-4.7) NO 39 (23-49) 25 (3.9-119)

Azelaic, C9di 0.8 (BDL-3.1) 2.6 (0.9-6.2) Cl 42 (12-114) 17 (6.6-54)

Sebacic, C10di 1.3 (BDL-5.3) 2.6 (0.9-6.2) NH 153 (107-194) 86 (38-251)

Methylmalonic, iC4di 15 (BDL-31) 1.0 (BDL-3.9) Na 35 (7.7-100) 7.5 (1.0-44)

Methylsuccinic, iC5di 3.6 (BDL-14) 3.7 (0.3-12) Ca 11 (7.0-20) 3.2 (0.5-17)

Methylglutaric, iC6di 62 (BDL-133) 1.9 (0.1-3.4) Mg 10 (2.2-29) 3.2 (0.2-18)

Phthalic, Ph 8.7 (BDL-16) 3.7 (0.2-11) K 2.1 (1.2-3.5) 8.6 (4.0-17)

Maleic, M 9.9 (1.3-22) 2.1 (BDL-8.0)

Fumaric, F 27 (BDL-64) 2.0 (0.8-3.6) WSOC (ng mL-1) 2950 (1700-3690) 2240 (1220-6170)

Oxocarboxylic acids (ng mL-1)

Glyoxylic, C2 153 (27-317) 19 (4.5-68)

3-Oxopropanoic, C3 30 (BDL-65) 6.9 (1.6-22)

4-Oxobutanoic, C4 44 (BDL-177) 4.9 (1.2-14)

5-Oxopentanoic, C5 3.1 (BDL-9.3) 1.3 (BDL-3.2)

7-Oxoheptanoic, C7 19 (14-29) 2.6 (0.3-11)

8-Oxooctanoic, C8 3.3 (0.3-7.0) 1.2 (0.3-2.8)

9-Oxononanoic, C9 11 (1.7-23) 0.8 (BDL-2.3)

Pyruvic, Pyr 141 (67-345) 29 (6.4-60)

Compounds Compounds

Table 1.  Concentrations of organic acids, α-dicarbonyls, BSOA- and PBAP-tracers, inorganic acids, and water-soluble organic
carbon (WSOC) in fog water samples collected from Lake Mashu in May and July 2015. BDL denotes below the detection limit
(<0.01 ng mL−1). Average denotes arithmetic mean value of concentration.
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acids (C2di–C10di), branched chain diacids (iC4di–iC6di),
ω-oxocarboxylic acids (ωC2–ωC9), and aromatic (phthalic
acid) in the fog samples (Table 1). Oxalic (C2di) was found
as dominant species (218–754 ng mL−1 in May and 26–
334 ng mL−1 in July), followed by succinic (C4di) (0–
374 ng mL−1 and 1–48 ng mL−1), glyoxylic (ωC2) (27–
317 ng mL−1 and 4–68 ng mL−1), and pyruvic acids (Pyr)
(67–345 ng mL−1 and 6–60 ng mL−1). Two α-dicarbonyls
(glyoxal and methylglyoxal) were detected in July.

Isoprene oxidation products (isoprene-SOA tracers: 2-
methylglyceric acid, 2-methyltetrols, and C5-alkene triols)
and α-pinene oxidation products (α-pinene SOA tracers:
pinonic, pinic, 3-hydroxylglutaric, and 3-methyl-1,2,3-
butanetricarboxylic acids) were identified in the fog wa-
ter samples (Table 1). The concentration ranges of iso-
prene SOA tracers were 1–11 ng mL−1 in May and 0.5–
30 ng mL−1 in July whereas those of α-pinene SOA trac-
ers were 2–13 ng mL−1 in May and 1–24 ng mL−1 in July.
We also detected saccharides (trehalose, glucose, fruc-
tose, and sucrose) and sugar alcohols (arabitol, mannitol,
and inositol) (Table 1). Concentrations of saccharides plus
sugar alcohols ranged from 5 to 15 ng mL−1 in May and
from 12 to 53 ng mL−1 in July.

Cations (NH4
+, Na+, Ca2+, Mg2+, and K+) and anions

(SO4
2−, NO3

−, and Cl−) were detected in the fog samples
(Table 1). NH4

+ was a major cation (107–194 µeq L−1 in
May and 38–251 µeq L−1 in July) and SO4

2− (108–145
µeq L−1 and 17–316 µeq L−1) and NO3

− (23–49 µeq L−1

and 3.9–119 µeq L−1) are two major anions.
Temporal variations of WSOC, selected organic ac-

ids, inorganic ions, biogenic tracers (isoprene plus α-
pinene SOA tracers and saccharides plus sugar alcohols)
are given in Figs. 1b–d. The highest concentrations of
WSOC, inorganic ions (NH4

+, SO4
2−, and NO3

−), organic
acids (formic and acetic acids), and biogenic tracers were
found in nighttime of 29 July, whereas saccharides plus
sugar alcohols showed the highest concentrations in
nighttime on 27 July. The highest concentration of oxalic
acid was found in nighttime of 28 May. To investigate
the effect of fog water content on the concentrations of
organic and inorganic compounds, we calculated the con-
centrations of organic and inorganic acids per unit air
volume (ng or neq m−3) using the data of fog water con-
tent in the atmosphere (Supplementary Table S1). There
is no linear correlation between the concentrations of for-
mic plus acetic acids, which account for >70% of
monocarboxylic acids, and fog water content in July (r2

= 0.03) (Supplementary Fig. S1). In contrast, we found a
good linear relationship between the concentrations of
formic plus acetic acids and fog water content in May (r2

= 0.56) (Fig. S1), although we found a negative correla-
tion for glycolic acid (May: r2 = 0.58, July: r2 = 0.05, not
shown as a figure). The correlation pattern between for-
mic plus acetic acids and fog water content was similar

to that of SO4
2− (May: r2 = 0.65, July: r2 = 0.17). As for

other major species, concentrations of oxalic acid, gly-
oxylic acid, and NH4

+ did not show correlation with fog
water content (r2 = 0.003–0.25). Concentrations of total
BSOA tracers and total PBAP tracers also did not show
correlation with fog water content (r2 = 0.005–0.15). The
positive correlations between formic plus acetic acids or
SO4

2− and fog water content in May demonstrate that con-
centrations of organic acids are increased with an increase
of fog water content, suggesting that organic acids in fog
are not diluted by atmospheric fog water content. Rather,
those acids could be secondarily produced during the
event of fog formation under certain meteorological con-
ditions.

Average concentrations of formic (19 ± 17 ng mL−1)
and acetic (52 ± 38 ng mL−1) acids are higher in July than
in May (formic acid: 14 ± 11 ng mL−1; acetic acid: 34 ±
12 ng mL−1). Similar trends were found for the average
concentrations of isoprene SOA tracers (4.5 ± 4.3 ng
mL−1 in May and 9.4 ± 11 ng mL−1 in July), α-pinene
SOA tracers (5.6 ± 5.2 ng mL−1 and 8.4 ± 9.4 ng mL−1),
and saccharides plus sugar alcohols (9.4 ± 4.3 ng mL−1

and 32 ± 14 ng mL−1) in the fog samples. In contrast,
average concentrations of major dicarboxylic (oxalic acid:
467 ± 256 ng mL−1) and oxocarboxylic (glyoxylic acid:
153 ± 129 ng mL−1) acids are higher in May than in July
(oxalic acid: 89 ± 109 ng mL−1; glyoxylic acid: 19 ± 22
ng mL−1). Average concentrations of SO4

2− (126 ± 17 µeq
L−1), NO3

− (39 ± 11 µeq L−1), and NH4
+ (153 ± 42 µeq

L−1) are higher in May than in July (SO4
2−: 70 ± 109 µeq

L−1; NO3
−: 25 ± 42 µeq L−1; NH4

+: 86 ± 75 µeq L−1).
We calculated the contributions of each organic com-

pounds to WSOC in the fog water samples. Contributions
of monocarboxylic acids,  dicarboxylic acids,
oxocarboxylic acids, BSOAs, and PBAPs to WSOC in
May are 1.5%, 10.9%, 5.2%, 0.2%, and 0.1%, respec-
tively. Those of monocarboxylic acids, dicarboxylic ac-
ids, oxocarboxylic acids, BSOAs PBAPs, and α-
dicarbonyls to WSOC in July are 1.8%, 2.0%, 1.1%, 0.4%,
0.7%, and 0.2%, respectively. Unidentified water-solu-
ble compounds relative to WSOC were 82.1% in May and
93.5% in July.

DISCUSSION

Possible sources of organic acids
LMW mono- and di-carboxylic acids have a variety

of anthropogenic and biogenic sources. Concentrations
of phthalic acid (May: 8.7 ng mL−1; July: 3.7 ng mL−1),
tracers of anthropogenic activities (Kawamura and
Kaplan, 1987), in fog water at the Lake Mashu was found
to be significantly lower than that reported in fog water
from Los Angeles (659 ng mL−1) (Kawamura et al., 1985).
However, concentrations of phthalic acid, SO4

2−, and
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NO3
− in fog water in May were higher than those in July.

Similar trend was found for dicarboxylic and
oxocarboxylic acids. Air masses on 28–30 May were
mainly transported from the Asian continent including
China and Korea, where industrial regions and mega-cit-
ies are located (Figs. 2a and b). On the other hand, during
25–29 July, air masses arriving at the sampling site were
not affected by the Asian outflows (Figs. 2c–f). To inves-
tigate the influence of trans-boundary pollution from East
Asia, ratio of NO3

− to SO4
2− (NO3

−/SO4
2−) was calculated

(Watanabe et al., 2010). The NO3
−/SO4

2− ratio in May
(average: 0.31) was similar to that in July (0.36), although
the air mass source regions are different (Fig. 2). One
reason is that SO2 emission from China has dramatically
decreased (Li et al., 2017), and thus, chemical composi-
tions of fog water samples may be less affected by the
outflows from East Asia.  Concentrations of

monocarboxylic acids did not correlate with dicarboxylic
acids. Sources and transport process may be different
between mono- and di-carboxylic acids.

Concentrations of NO3
− and SO4

2− on 29 July were
high although the air mass on that day has passed over
the Pacific Ocean. This site is located approximately 8
km of the volcano that is located in the northwest of the
lake. The local wind direction during the present cam-
paign period was mainly from the northeast to south south-
west, indicating the air masses from surrounding area
during the campaign were not affected by the volcanic
outflows. Unfortunately, the source regions on 29 July
are not clear. In this study, the majority of measured LMW
mono- and di-carboxylic acids were less influenced by
anthropogenic emissions in July.

Detected isoprene- and α-pinene-SOA tracers are pro-
duced by the oxidation of isoprene and α-pinene emitted
from vegetation, respectively (e.g., Surratt et al., 2010;
Yu et al., 1999). These SOA-tracers can be used to evalu-
ate the important role of biogenic volatile organic com-
pounds in the production of SOAs. There are mixed for-
ests consisting of isoprene-emitting deciduous broad-leaf
trees (Quercus crispula) and monoterpene-emitting coni-
fer trees (Larix gmelinii and Larix kaempferi) near the
sampling site. Glucose and fructose are originated from
plant debris. Mannitol, trehalose and arabitol are domi-
nantly originated from fungal spores. These saccharides
and sugar alcohols can be used as an indicator of the pri-
mary biological aerosol particles (PBAPs) (e.g., Jia and
Fraser, 2011). PBAPs did not show a positive correlation
with BSOAs, indicating that sources and origins of
BSOAs and PBAPs are different. Average concentrations
of BSOAs and PBAPs were higher in July than in May,
indicating more contribution of biological activity to the
atmosphere in summer.

Correlation analysis was conducted for July samples
to investigate the sources of mono- and di-carboxylic
acids. Formic plus acetic acids showed a positive corre-
lation with BSOAs (r2 = 0.68) and a positive correlation
with PBAPs (r2 = 0.36) (Figs. 3a and 3b), although they
are largely scattered. Formic plus acetic acids showed a
significant correlation with BSOAs plus PBAPs (r2 =
0.87) (Fig. 3c). Photochemical oxidations of isoprene and
α-pinene produce formic and acetic acids (Paulot et al.,
2011 and reference therein). Formic and acetic acids can
be directly emitted from plant leaves and soils
(Kesselmeier et al., 1997; Mochizuki et al., 2019).

Oxalic acid also showed positive correlations with
BSOAs (r2 = 0.63) and PBAPs (r2 = 0.23) (Figs. 4a and
4b). Oxalic acid showed a significant correlation with
BSOAs plus PBAPs (r2 = 0.72) (Fig. 4c). Further, posi-
tive correlations were found between oxalic acid and key
intermediates such as α-dicarbonyls (methylglyoxal plus
glyoxal) (r2 = 0.81) and glyoxylic acid (ωC2) (r2 = 0.77)

Fig. 2.  Ten-day air mass back trajectories for the study period
in (a) 28 and 29 May, (b) 30 May, (c) 25 July, (d) 26 July, (e)
27 and 28 July, and (f) 29 July 2015 at the sampling site. Black
circle shows the sampling site. Starting time of trajectories for
daytime sample was 12:00. Starting time of trajectories for
nighttime sample was 0:00. Black dot (�) indicates the sam-
pling site in east Hokkaido.
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Fig. 3.  Relationship between the concentrations of formic plus acetic acids and (a) BSOA-tracers, (b) PBAP-tracers, and (c)
BSOA- plus PBAP-tracers.

Fig. 4.  Relationship between the concentrations of oxalic acid and (a) BSOA-tracers, (b) PBAP-tracers, and (c) BSOA- plus
PBAP-tracers.
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as well as BSOAs plus PBAPs (data not shown). Photo-
oxidation of isoprene and α-pinene produce oxalic acid
(Carlton et al., 2009; Fick et al., 2003). Our results sug-
gest that biogenic sources in both primary emission and
secondary formation are important for LMW mono- and
di-carboxylic acids in the surrounding site of Lake Mashu
in July. On the other hand, formic plus acetic acids and
oxalic acid did not show correlation with biogenic trac-
ers in May samples (Figs. 3 and 4).

Contributions of organic compound classes to water-solu-
ble organic carbon

Carboxylic acids with low carbon numbers (C1, C2,
C2di, and ωC2 acids) were dominant in fog water. The
molecular composition of carboxylic acids in fog water
was similar to that of aerosols in the atmosphere
(Kawamura et al., 2000; Mochizuki et al., 2017b, 2019)
and rainwater (Kawamura et al., 2001). Mean concentra-
tions of formic (14 ng mL−1 in May and 19 ng mL−1 in
July), acetic (34 ng mL−1 and 52 ng mL−1), and oxalic
(467 ng mL−1 and 89 ng mL−1) acids in fog water sam-
ples from Lake Mashu are significantly lower than those
reported in urban fog waters from Los Angeles, USA in
1983 (C1: 4210 ng mL−1, C2: 2570 ng mL−1, Kawamura
and Kaplan, 1984; C2di: 2120 ng mL−1, Kawamura et al.,
1985), Po Valley, Italy from 1997 to 2011 (C1: 1730 ng
mL−1, C2: 2900 ng mL−1, C2di: 1100 ng mL−1, Giulianelli
et al., 2014), and Agra, India from 1999 to 2000 (C1: 2000

ng mL−1, C2: 1800 ng mL−1, Lakhani et al., 2007). Con-
centrations of formic and acetic acids in this study are
lower than those reported in subtropical broad-leaved
forest from Taiwan in 2009 (C1: 258 ng mL−1, C2: 933 ng
mL−1). On the other hand, concentration of oxalic acid in
May (467 ng mL−1) was comparable to that reported in
subtropical broad-leaved forest of Taiwan in 2009 (581
ng mL−1). Average concentrations of oxalic acids and
anthropogenic inorganic ions (SO4

2− and NO3
−) in May

were higher than those in July, whereas average concen-
trations of formic and acetic acids in May were lower
than those in July. Vapor pressure of oxalic acid (8.26 ×
10−5 mmHg, 25°C) is significantly lower than that of for-
mic (4.26 × 10 mmHg) and acetic (1.57 × 10 mmHg) ac-
ids (Saxena and Hildemann, 1996). Major portion of
oxalic acid (>70%) is present in particle phase (Limbeck
et al., 2001), whereas major portion of formic and acetic
acids (>50%) is present in gas phase (e.g., Mochizuki et
al., 2017a, 2019). High concentrations of oxalic acid in
May suggest that oxalic acid may be long-range trans-
ported as particles in the atmosphere from East Asia to
eastern Hokkaido due to the lower vapor pressure. This
study demonstrates that LMW mono- and di-carboxylic
acids from Lake Mashu fog samples are much lower than
those reported in the previous studies from North America,
Europe, and Asia, except for dicarboxylic acids during
the anthropogenic inflow from East Asia.

Contributions of formic plus acetic acids to WSOC in
fog samples from this study are lower (0.6% in May and
1.2% in July) than that reported in fog samples from Po
Valley (3.4%, Giulianelli et al., 2014) and from urban
area in North America (10–30%) (Ervens et al., 2003;
Herckes et al., 2002; Collett et al., 2008). The contribu-
tion of formic plus acetic acids to WSOC in this study is
lower than that in aerosol samples from Mt. Tai, China

Fig. 6.  Relationship of the pH of fog water with ratio of or-
ganic acid equivalents (OA) to OA plus inorganic acid equiva-
lents (OA/(OA+IA)).

Fig. 5.  Relationship between total cation equivalents and total
anion equivalents in Lake Mashu fog samples. The red colored
open or triangle circle data points include only inorganic ions,
but not include organic acids detected. The red colored trian-
gle or circle data points include both inorganic ions and or-
ganic acids detected.
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(9.2%) and broadleaved forest, Japan (3.1%) (Mochizuki
and Kawamura, unpublished results), but higher than that
reported in marine aerosols from the Bay of Bengal (0.4%,
Boreddy et al., 2017). In case of dicarboxylic acids, the
contribution of oxalic acid to WSOC in July (0.9%) is
comparable to that reported in fog samples from Po Val-
ley (0.6%, Giulianelli et al., 2014) and in rain water sam-
ples from Los Angeles (0.5%, Kawamura et al., 2001)
and Tokyo (0.2%, Sempéré and Kawamura, 1994). The
ratio of oxalic acid to WSOC in July is lower than that
reported in urban aerosol samples from China (7%, Ho et
al., 2007) and forest aerosols from Japanese larch (6%,
Mochizuki et al., 2017b), but comparable to that reported
in the Arctic (1.2%, Kawamura et al., 2010).

On the other hand, the contribution of oxalic acid to
WSOC in May (4.9%) is higher than that reported in fog
samples from Po Valley (Giulianelli et al., 2014) and rain-
water samples from Los Angeles (Kawamura et al., 2001)
or comparable to that reported in urban aerosol samples
from China (Ho et al., 2007) and forest aerosols from
Japanese larch (Mochizuki et al., 2017b). Overall, the
contribution of LMW organic acids to WSOC in fog sam-
ples from Lake Mashu is in the intermediate range com-
pared with that in aqueous and particles in the atmosphere,
except for dicarboxylic acids in May fog samples under
the influence of anthropogenic activity plumes.

The sampling intervals for day and night in this study
were 7 h and 17 h, respectively. Kawamura and Kaplan
(1990) conducted the storage experiment of carboxylic
acids in rainwater sample without bactericide under room
temperature (22°C) conditions, in which the amounts of
carboxylic acids decreased by about 15% in one day af-
ter the sample collection. Because bactericide was not
added in the glass bottle during sample collection in this
study, we cannot exclude a possible biodegradation of
organic acids in fog water during sampling, which may
have caused the underestimate of organic acids in this
study.

Contribution of organic and inorganic acids to the acid-
ity of fog

Relationship between pH of fog water and inorganic
acids (NO3

−, SO4
2−), total monocarboxylic acids, and to-

tal dicarboxylic acids were very scatter. We calculated
total cation equivalents (Na+, NH4

+, K+, Ca2+, Mg+, and
H+) and total anion equivalents (SO4

2−, NO3
−, Cl−, and

detected organic anions) in fog water from Lake Mashu.
Figure 5 shows correlations of total cations against total
anions. The ratios of total anions excluding organic ani-
ons to total cations ranged from 0.85 to 0.95 (average:
0.89) in May and from 0.64 to 0.99 (0.75) in July. The
ratios of total anions including organic anions detected
to total cations ranged from 0.92 to 1.05 (average: 0.99)
in May and from 0.68 to 1.02 (0.79) in July. Overall, to-

tal cation equivalents were comparable to total anion
equivalents. Because CO3

2−, HCO3
−, and unidentified

organic anions were not taken into consideration, total
cations may be slightly higher than total anions. We cal-
culated total organic acid equivalents (OA) and total in-
organic acid equivalents (IA). Ratio of OA to total acid
equivalents (OA+IA) ranged from 4 to 17% (12% in May
and 7.8% in July).

The OA/(OA+IA) levels are lower than that reported
in urban fog water from Los Angeles (11–44%)
(Kawamura et al., 1996). In addition, pH did not show a
correlation with OA/(OA+IA) ratios (Fig. 6). Our results
indicate that contributions of LMW organic acids to total
inorganic acids in fog samples from Lake Mashu are low.
Ions in forest fog water are mainly of inorganic origin.
Although acid depositions are important contributors to
the forest decline in the world, LMW organic acids may
be minor contributors in the Lake Mashu area.

Average pH of fog water in Lake Mashu (May: 5.0;
July: 5.5) is higher than that reported from the Ocean such
as northern North Pacific Ocean (pH: 4.2) (Jung et al.,
2013) and from the mountain area such as Mt. Akagi (pH
3.7) (Tago et al., 2006) and Mt. Oyama (pH: 3.7) (Igawa
et al., 1998). This level is also higher than pH of fog water
reported from urban and mountain areas in the world in
1970s and 1980s (Schemenauer, 1987 and references
therein). For experiment of artificial acid fog exposure to
trees, lower pH levels (pH = 3) of fog cause the injury in
Abies firma (Igawa et al., 1997), whereas lower pH lev-
els (pH = 3) of fog do not cause the injury in young trees
of 14 species (e.g., Cryptomeria japonica, Fagus crenata,
and Betula platyphylla) (Matsumura, 2001). The effect
of fog acidity on growth of trees seems to differ among
tree species. Lower pH events were not observed during
the present campaign period. We suggest that fog acidity
and compositions of organic and inorganic acids in the
present study do not cause serious adverse effect on the
Japanese birch trees in the surrounding area (somma) of
Lake Mashu.

CONCLUSIONS

We measured LMW monocarboxylic acids,
dicarboxylic acids, oxocarboxylic acids, inorganic acids,
biogenic SOA-tracers (isoprene- and α-pinene-oxidation
products), and PBAP-tracers (saccharides and sugar
alcohols) in fog water samples collected in spring and
summer 2015 from the somma of Lake Mashu, Hokkaido,
Japan. Formic, acetic, and oxalic acids were dominant
carboxylic acids. However, their concentrations of these
acids (14–467 ng mL−1 in May and 19–89 ng mL−1 in
July) were one order of magnitude lower than those from
urban fog samples from North America, Asia, and Eu-
rope and from forest fog samples from Taiwan, except
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for oxalic acid in May. Concentrations of oxalic acid in
May were higher than those in July, being consistent with
higher levels of SO4

2− and NO3
−. Based on the air mass

back trajectories, high levels of dicarboxylic acids in fog
water from Lake Mashu in spring was likely involved with
outflow of air masses from the Asian continent. Concen-
trations of formic and acetic acids and biogenic tracers in
summer were higher than those in spring.

Formic plus acetic acids and oxalic acid showed a sig-
nificant correlation with BSOAs plus PBAPs. Both pri-
mary emission and secondary formation are important
sources for LMW mono- and di-carboxylic acids at Lake
Mashu in summer. The pH of fog water ranged from 3.8
to 5.9. Total cation equivalents (Na+, NH4

+, K+, Ca2+, Mg+,
and H+) were comparable to total anion equivalents
(SO4

2−, NO3
−, Cl−, and detected organic anions). Ratios

of organic acid equivalents to organic plus inorganic acid
equivalents was low (range: 4–17%). Major ions in fog
water of Lake Mashu during the sampling periods were
inorganic ions. This study suggests that concentration lev-
els of organic and inorganic acids in fog water as well as
their pH values during the present campaign period are
not main sources for the damage of forest tree ecosys-
tems that have been seen in the Lake Mashu area.
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